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Figure 1. The Crystal Structure of HIV-1
Reverse Transcriptase
Telomerases and retroviral reverse tran-
scriptases share several specific sequence
motifs, which are expected to confer similar
three-dimensional geometries. The reverse
transcriptase domain of HIV-1 RT can be sub-
divided into three subdomains named the
palm, fingers, and thumb, for their analogy to
a right hand. This hand encloses the primer-
template complex. One of the fingers con-
tacts the dNTP that is incorporated into the
nascent DNA chain. In combination with the
palm domain, it defines the so-called nucleo-
tide binding pocket (Huang et al., 1998). Strik-
ingly, telomerases contain a large insert pro-
truding from the top of one finger (yellow loop
with question mark). Most amino acid differ-
ences between EcTERT-2 and its isoforms
EcTERT-1 and EcTERT-3, are clustered in
this region. This domain might determine
DNA substrate specificity (Karamysheva et
al., 2003) either by contacting the DNA primer
directly, or by interacting with proteins that
target telomerase to telomeres or broken
chromosome ends.
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In summary, the paper by Karamysheva et al. (2003)
describes unanticipated mechanisms for gene regula-
tion, which, though fascinating, may be a peculiar quirk
of ciliated protozoa. The sequence alterations in the
CUE’d up for Monoubiquitinfinger domain of the natural TERT-variant EcTERT-2,
which may transform a telomere-extension enzyme into
a chromosome-healing enzyme, point to a region that
distinguishes the telomerase reverse transcriptase fam-
The first structures have been obtained for complexesily from reverse transcriptases encoded by retroele-
between CUE domains and monoubiquitin, one byments. Further structural and mechanistic analysis of
NMR (Kang et al., this issue of Cell) and one by X-raythis region promises to provide new insights in the
crystallography (Prag et al., this issue of Cell), thusmechanism and specificity of telomerases.
providing insights into ubiquitin recognition by CUE
domains. Structural comparisons suggest that differ-
Gae¨l Cristofari and Joachim Lingner ent CUE surfaces can interact with ubiquitin, indicat-
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clear that proteins can be initially conjugated to a singleHuang, H., Chopra, R., Verdine, G.L., and Harrison, S.C. (1998).
ubiquitin moiety, and the monoubiquitinated target canScience 282, 1669–1675.
serve either as an active signal or as a substrate forJahn, C.L., and Klobutcher, L.A. (2002). Annu. Rev. Microbiol. 56,
polyubiquitin conjugation (Pickart, 2000).489–520.
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modulating numerous cellular pathways, including tran-L.A., and Shippen, D.E. (2003). Cell 113, this issue, 565–576.
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endocytic pathway (Hicke, 2001a, 2001b). Several re- interact with ubiquitin independently and in a noncoop-
cently identified protein domains both interact with erative manner. The structural and biophysical analysis
monoubiquitin and promote monoubiquitination, appar- of the Cue2-1 domain suggests an apparent binding
ently functioning to relay or regulate the monoubiquitin affinity for ubiquitin of 155 M and that it is monomeric
signal within these pathways. These domains include in solution, both alone and in complex with ubiquitin. In
ubiquitin-associated motifs (UBA), ubiquitin interacting this complex, Cue2-1 presents helices 1 and 3 toward
motifs (UIM), and more recently, the CUE motif, named the ubiquitin surface as described above.
after the yeast Cue1 protein (coupling of ubiquitin conju- The Vsp9-CUE structure, combined with supporting
gation to ER degradation). UBA motifs are approxi- in vivo and solution studies, suggests a physiologically
mately 40 amino acids in length, and these motifs fold relevant domain-swapped Vsp9-CUE dimer. The dimer
into a bundle of three helices, generating a hydrophobic is generated by exchanging respective 3 helices, such
interface purported to be involved in interaction with that one protomer is composed of helices 1-2-3,
ubiquitin. While the exact mechanism for ubiquitin inter- while the second protomer is composed of helices
action remains unclear for the UIM motifs, these ele- 1-2-3. Analogous to the NMR study, the 1-2-
ments are approximately 20 amino acids in length and 3 protomer utilizes helices 1 and 3 to contact the
are generally found as pairs within a respective protein hydrophobic patch and exposed  sheet of ubiquitin.
sequence. Like UBA motifs, CUE motifs are also approx- However, the Vsp9-CUE structure also shows helices
imately 40 amino acids in length and are found through- 2-3 from the 1-2-3 protomer contacting addi-
out many eukaryotic proteins (Ponting, 2000). tional ubiquitin surfaces. Mutagenesis designed to dis-
The CUE domain from the C terminus of Vsp9 was rupt the CUE dimer or the alternative interfaces between
recently shown to have ubiquitin binding activity (Don- the Vsp9-CUE dimer and ubiquitin blocked high-affinity
aldson et al., 2003; Shih et al., 2003). Subsequent analy- interactions with ubiquitin, suggesting that the dimer
sis of other CUE domains from the yeast Cue and human and relevant interfaces are required for the high-affinity
Tollip family demonstrated that these domains could complex. The Vsp9-CUE dimer generates a deep basket,
interact with ubiquitin, albeit to a significantly lesser additional contacts, and a much larger buried surface
extent than the Vsp9 CUE domain (Shih et al., 2003). area between the dimer and ubiquitin. All of these obser-
Mutagenesis and binding assays suggested two con- vations are consistent with its higher apparent binding
served amino acid motifs within the CUE family are im- affinity for ubiquitin (20 M), a value nearly one order
portant for ubiquitin interaction, an N-terminal MFP, and of magnitude smaller than that observed for Cue2-1
a C-terminal dileucine motif. Also uncovered was the (155 M).
importance of a hydrophobic ubiquitin surface com- In vitro analysis reveals differential binding affinities
posed of residues Leu8, Ile44, and Val70 that contrib- between CUE domains and ubiquitin, and the structural
uted to the interaction with the CUE domain. This same analysis for Cue2-1 and Vsp9-CUE has now revealed
ubiquitin surface has also been shown to be important different CUE domain configurations that enable alterna-
for interaction with UIM, UBA, and the proteosome. Al- tive binding modes between CUE and ubiquitin. But, the
though CUE domains interact with monoubiquitin, some pressing question is: how do CUE domains selectively
also interact with polyubiquitin. Polyubiquitin interaction interact with monoubiquitin? Both structures show the
could involve binding the terminal ubiquitin of a polyubi- CUE-ubiquitin interface to be proximal to a primary site
quitin chain in an analogous manner to its binding of of polyubiquitin chain formation, Lys48, but neither
monoubiquitin, although this remains unclear. Alterna- structure supports a plausible mechanism for selective
tively, CUE domains might possess multifaceted sur- recognition of monoubiquitin by the CUE domain since
faces that mediate interactions with either ubiquitin form Lys48 is not blocked from chain formation in the com-
depending on the cellular context. plex. Although the Lys48 side chain is pointed toward
Two studies reported in this issue of Cell resolve many
solvent, Kang et al. (2003) suggest, based on chemical
of these issues by elucidating the structures for two
shift perturbation of the backbone amide proton from
different CUE domains in complex with monoubiquitin
Lys48, that the yeast Cue2-1 domain might inhibit or(Prag et al., 2003; Kang et al., 2003). Prag et al. have
block polyubiquitin chain formation by occluding thecharacterized the CUE domain from Vsp9 both alone
respective conjugating enzymes responsible for poly-and in complex with ubiquitin, and Kang et al. have
ubiquitin chain assembly. Whether CUE domains playcharacterized a single CUE domain (Cue2-1) derived
passive or dominant roles in monoubiquitin substratefrom the yeast Cue2 protein both alone and in complex
metabolism remains to be determined.with ubiquitin. Both structures show that CUE domains
share overall similarity to the UBA motif in being
comprised of a three-helical bundle. The conserved CUE
Christopher D. Limadomain MFP and LL motifs are located near the
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Programhelix 3 (3), respectively, and both structures show these
Weill Medical College of Cornell Universitymotifs, and other amino acids proximal to the LL motif
New York, New York 10021in 3 to be in direct contact with the hydrophobic patch
on ubiquitin (Leu8, Ile44, Val70), as predicted by previ-
ous studies based on mutagenesis and binding assays. Selected Reading
Important differences do exist however between
these structural studies. The yeast Cue2 protein con- Donaldson, K.M., Yin, H., Gekakis, N., Supek, F., and Joazeiro, C.A.
(2003). Curr. Biol. 13, 258–262.tains two tandem CUE domains, and each appears to
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C-terminal strand, creating a deep hydrophobic groovePickart, C.M. (2001). Annu. Rev. Biochem. 70, 503–533.
on the subunit surface. In the chaperone-pilin complex,
Ponting, C.P. (2000). Biochem. J. 351, 527–535.
this groove is occupied by the G1 strand of the chaper-
Prag, G., Misra, S., Jones, E.A., Ghirlando, R., Davies, B.A., Horaz- one, with the residues of its conserved motif inserting
dovsky, B.F., and Hurley, J.H. (2003). Cell 113, this issue, 609–620.
into the subunit’s hydrophobic core. The chaperone thus
Shih, S.C., Prag, G., Francis, S.A., Sutanto, M.A., Hurley, J.H., and stabilizes the subunit by completing its Ig-like fold in a
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noncanonical manner and by shielding its hydrophobic
core. The N-terminal extension of the subunit however,
remains disordered and exposed in this complex. During
pilus assembly, this N terminus, which contains a motif
similar to that in the chaperone G1 strand, is thought to
displace the chaperone G1 donor strand from the termi-Periplasmic Chaperones— nal pilus subunit in a mechanism termed donor strand
Preservers of exchange (DSE). Genetic data and the most recently
solved crystal structure of the PapE pilin in complexSubunit Folding Energy
with the N-terminal PapK pilin peptide suggest that infor Organelle Assembly the pilus organelle, the groove of each subunit is occu-
pied by the N-terminal extension of the adjacent subunit
(Choudhury et al., 1999; Sauer et al., 1999, 2002; Soto
et al., 1998).
How does donor strand exchange occur and how areThe periplasmic PapD-like chaperones have long been
subunits released from a stable chaperone-subunitknown to be necessary for the assembly of bacterial
complex so that they can assemble into a stable fibersurface organelles. New structural work now suggests
without input of cellular energy? In their elegant workthat they control assembly by arresting subunit fold-
on the structure and biogenesis of the F1 capsular anti-ing. This step may be required to preserve energy for
gen of the plague pathogen Yersinia pestis, Zavialov etfiber formation.
al. (2003) propose an intriguing answer to this question
in this issue of Cell. Moreover, the authors present the
Protein folding in all living cells is monitored and as-
first X-ray structures of non-pilus organelle assembly
sisted by a network of accessory proteins, the molecular
complexes that reveal the structural basis for the con-
chaperones. With their discovery in the late 1980s, chap-
served differences between FGS and FGL chaperones
erones became the focus of intense research. The prin- and for fiber formation and architecture.
ciples of the major ATP-driven chaperone machineries FGL chaperones differ from the closely related FGS
acting in the bacterial and eukaryotic cytosol are by chaperones mainly by a longer loop between the F1 andnow resolved in molecular detail (Hartl and Hayer-Hartl, G1  strands (FGL: F strand to G strand long), five instead
2002). Protein folding in the periplasm, the aqueous of three hydrophobic residues in their G1 donor strand
space between the inner and the outer membrane of motif and a longer N-terminal sequence that provides
the Gram-negative bacterial cell, is less well understood. an extended A1 strand. These features are essential for
The fundamental question of how periplasmic chaper- subunit binding and are thought to relate to the lower
ones function in the absence of known sources of cellu- demands on FGL chaperones in organelle assembly
lar energy is still unresolved. (MacIntyre et al., 2001). Specifically, FGL chaperones
Most of our current knowledge of periplasmic chaper- are responsible for the assembly of only one or two
one function comes from study of the PapD-like super- subunits, whereas FGS chaperones are responsible for
family of chaperones. These highly conserved chaper- the assembly of up to six different subunits. Therefore,
ones direct the biogenesis of pilus and non-pilus FGS chaperone function might require a lower specific-
organelles, the large oligomeric fibrous cell surface ity for their subunits, which might be reflected in a
structures that are responsible for host recognition and smaller chaperone-subunit interaction surface com-
cell adhesion of many Gram-negative pathogens. Whereas pared to FGL chaperones. The structure of the F1 anti-
cytoplasmic chaperones exhibit rather broad substrate gen chaperone-subunit complex Caf1M:Caf1 now con-
specificity, PapD-like chaperones are highly special- firms that indeed, the subunit provides a longer acceptor
ized. They specifically interact with nascent pilus sub- cleft that accommodates the longer FGL G1 strand. In
units (FGS chaperones) or non-pilus subunits (FGL addition, the extended FGL A1 strand also interacts ex-
chaperones) as they emerge from the translocation pore tensively with the subunit. The chaperone A1 and G1 edge
in the inner membrane, aid their folding into a native- strands hydrogen bond to the subunit’s edge strands to
like conformation, and deliver the subunits to the corre- form a “super-barrel” with a fused hydrophobic core. A
similar super-barrel is also evident in FGS chaperone-sponding usher protein in the outer membrane. At the
